Introduction
============

Spinal cord injury (SCI) that causes lifelong debilitation is characterized by an initial trauma and a secondary injury with vascular disruption [@B1], tissue ischaemia and hypoxia [@B2], oxidative stress [@B3], mitochondrial apoptosis [@B2], and axonal degeneration [@B4], [@B5]. Epidemiological data indicate that the incidence of SCI is approximately 40.1 cases per million in the United States every year, and males are more likely experience SCI than females [@B6]. Recent studies have demonstrated that stem cell transplantation therapy offers an attractive alternative, especially for bone marrow mesenchymal stem cells (BMSCs) treatment by secreting trophic factors, promoting axonal regeneration and improving neuron survival [@B7]-[@B9]. After SCI, the BMSCs have multiple effects on amelioration of immunomodulation and glial scarring [@B10], [@B11]. It may contribute to the integration of the graft with the host tissue and support the regeneration process [@B12]. However, the mechanism underlying the protection of BMSCs on SCI remains elusive.

Mitochondria is an important double-membraned organelle that produces energy through bio-oxidation in eukaryotic cells [@B13]. Under SCI conditions, the initial trauma that caused mitochondria disruption induces loss of adenosine triphosphate (ATP) synthesis and increases various reactive oxygen species (ROS) [@B14], [@B15]. The ability to restore mitochondria homeostasis and repair damaged mitochondria were beyond the neutralizing capabilities of antioxidant systems, causing delayed neuronal apoptosis and necrosis [@B16], [@B17]. The previous studies reported that SCI could induce mitochondrial morphological changes, oxidative damage, and apoptosis, which may correlate with the pathological mechanisms of secondary damage following SCI [@B18], [@B19]. Recently, studies report that the role of mitochondria extends beyond energy production to affect both neural homeostasis and neurodegenerative processes in the central nervous system (CNS) [@B19], [@B20]. A potentially effective therapeutic strategy for SCI is to restore mitochondria function in the injured spinal cord, improving neuron apoptosis and functional recovery.

Recently, transfer of mitochondria is emerging as a new therapy to the injured cells by decreasing ROS production, increasing ATP production and calcium buffering capacity [@B21]. Injured neurons are able to capture functional mitochondria from astrocytes and promote survival and plasticity [@B22]. Importantly, stem cells are recognized as unexceptionable donor cells for mitochondrial transfer and numerous studies have substantiated the significance of mitochondrial transfer in stem cell therapy, especially mesenchymal stem cells [@B23]. Mitochondria could be transferred from mesenchymal stem cells to nearby injured cells to improve cell viability [@B24], [@B25].

Our previous studies demonstrated that BMSCs could protect injured neurons and prevent neuronal apoptosis after SCI [@B26], [@B27]. Thus, we hypothesized that transfer of mitochondria from BMSCs to the injured neurons might play an important role in the protective effects of BMSCs on SCI. In the present study, we investigated the transfer of mitochondria from BMSCs to the oxygen glucose deprivation (OGD)-injured neurons. We also transplanted healthy mitochondria from BMSCs to the injured spinal cord of SCI rats to explore the protective effects of mitochondria. Furthermore, the pharmacological drugs affecting gap junction intercellular communication (GJIC) were used to study the underlying mechanisms involved in mitochondria transfer between BMSCs and the injured neurons. Based on our findings, we provide the first evidence that transplanted BMSCs could prevent neuronal apoptosis and facilitate locomotor functional recovery via transfer mitochondria to the injured neurons after SCI.

Materials and Methods
=====================

Primary BMSCs culture and characterization
------------------------------------------

The experimental procedures were approved by the Animal Ethics Committee of Zhejiang University and were carried out in accordance with National Institutes of Health guidelines. All efforts were made to minimize the number of animals used and their suffering. BMSCs were isolated from 3 to 4 week old Sprague-Dawley male rats according to our previous study [@B4], [@B26]. BMSCs were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) with 10% fetal bovine serum (FBS, Gibco, USA) and 1% penicillin and streptomycin (Gibco, USA). Consistent to our previous study, the fluorescence-activated cell sorting (FACS) analysis revealed that BMSCs at passages 3\~5 were negative for CD34 (hematopoietic marker), but expressed BMSCs lineage markers, including CD44, CD90, and CD105[@B27]. BMSCs were digested and washed twice with phosphate-buffered saline (PBS) to a concentration of 10^7^ cells/100 μl.

Primary cortical neuron culture
-------------------------------

Primary cortical neuron cultures were obtained from E-18 Sprague-Dawley rat embryos. Briefly, cortices were dissected by sterile scissors in cold D-Hanks medium and then incubated in 0.25% trypsin-EDTA (ethylenediaminetetraacetic acid) for 15 min at 37°C and then terminated by 10% FBS DMEM medium. Then, the cortices were gently digested. The supernatant was collected for centrifuging at the speed of 1000 rpm/min at 4°C for 5 min and the deposit was neuron. Neurons were spread on plates coated with 25 μg/ml poly-D-lysine (PDL, Beyotime Institute of Biotechnology, Nantong, Jiangsu, China) and cultured in 2% B27 Neurobasal medium (Gibco, Invitrogen), 1% penicillin/streptomycin and 2 mM L-glutamine (Sigma). We changed half of the medium every two days.

MitoTracker Red staining and carboxyfluorescein succinimidyl ester(CFSE)-fluorescent label
------------------------------------------------------------------------------------------

MitoTracker Red CMXRos (Molecular Probes, M7512, Invitrogen, USA) was used to visualize the mitochondria of BMSCs. BMSCs were stained with 200 nM MitoTracker Red for 20 min at 37°C. Cells were washed twice with PBS to ensure that the excess of the dye was washed out. BMSCs were then detached and seeded for the following steps.

VSC4.1 motor neurons were pre-stained with 10 μM carboxyfluorescein succinimidyl ester (CFSE, \#C1031, green colour, Beyotime Institute of Biotechnology, Nantong, Jiangsu, China). Briefly, VSC4.1 motor neurons were seeded in 6-well plates and stained by 10 μM CFSE (0.5 ml/well) for 30 min and washed by PBS twice. Pre-stained BMSCs and VSC4.1 motor neurons were grown in motor neuron medium, supplemented with 100U/ml penicillin and streptomycin. 4′,6-diamidino-2-phenylindole (DAPI, \#C1002, Beyotime Institute of Biotechnology, Nantong, Jiangsu, China) was stained for all cell nucleus after cells were fixed by paraformaldehyde.

Oxygen-Glucose Deprivation (OGD) model of VSC4.1 motor neurons
--------------------------------------------------------------

The ventral spinal cord 4.1 (VSC4.1) motor-neuron cells were cultured at 37°C with 5% CO~2~ in a fully humidified incubator in RPMI1640 media containing 10% (v/v) fetal bovine serum and 1% penicillin and streptomycin. To mimic ischaemic injury of the spinal cord *in vivo*, OGD and re-oxygenation models were made to induce the death and apoptosis of VSC4.1 motor neurons and the model had slight modifications from the previous one[@B28]. VSC4.1 motor neurons were washed with PBS and then incubated in D-Hanks\' balanced salt solution without glucose in a sealed hypoxic GENbag fitted with a catalyst (BioMèrieux, Marcy I\'Etoile, France) to scavenge free oxygen for 8 h. As for the non-OGD control group, cells were cultured in Hanks\' balanced salt solution with a normal concentration of glucose. At the ending of time point of OGD, the OGD medium was replaced with normal medium and the cells were cultured in a chamber set at normal parameter (re-oxygenation, 37°C, 5% CO~2~) for 24 h.

Co-culture of post-OGD neurons with BMSCs
-----------------------------------------

Co-cultures of BMSCs and VSC4.1 motor neurons or primary cortical neurons were carried out in 6-well plates with 1 × 10^6^ cells/well (BMSC: neurons in a 1:1 ratio) for 24 h. The transwell system was also performed in a 6-well plate (8 μm pore). After co-culturing for 24 h, cells were fixed with 4% PFA for 15 min at room temperature and cell nuclei were stained with DAPI. The fluorescence of cell was captured using a confocal laser-scanning microscope (FluoView FV3000, Olympus Corporation, Tokyo, Japan).

Preparation of conditioned medium of BMSCs (BMSCs-CM)
-----------------------------------------------------

In brief, BMSCs were plated at 5×10^4^ cells/well and incubated in 10% FBS DMEM. The attached cells were washed three times with PBS and the medium was replaced with high glucose DMEM without serum to generate BMSCs-CM. The medium was collected after 24 h of culture and used as BMSC-CM. At the same time, mitochondria deleted medium BMSC-CM (Md-BMSC-CM) was filtered through a 0.22 μm syringe filter which could prevent mitochondria from entering the medium and thus Md-BMSCs-CM was obtained.

Isolation of Mitochondria from BMSCs
------------------------------------

Mitochondria were isolated from cultured BMSCs using a Mitochondria Isolation Kit (\#89874, Mitochondria Isolation Kit for mammalian cells, Thermo Fisher, USA) as previously reported [@B29].The Mitochondria Isolation Kit contained mitochondria isolation reagents A, B and C. Briefly, BMSCs were digested by centrifuging harvested cell suspension in a 2.0 mL microcentrifuge tube at 850 × g for 2 min and removing the supernatant. Mitochondria Isolation Reagent A was added to BMSCs in a tube on ice. The tube was vortexed at medium speed for 5 s and incubated on ice for 2 min. Then, mitochondria isolation reagent B was added and the tube was kept on ice for 5 min, vortexing at maximum speed every minute for 5 times. Mitochondria isolation reagent C was then added, and the tube was inverted several times to mix and centrifuged at 700 × g for 10 min at 4℃. The supernatant was transferred to a new tube and mitochondria were harvested after centrifuging at 12000 × g for 15 min. The freshly isolated mitochondria were labelled with MitoTracker Red staining and were used in the following study.

Fluorescence microscope observation on internalization of isolated mitochondria from BMSCs in neurons
-----------------------------------------------------------------------------------------------------

To explore whether different concentrations of mitochondria would have different efficiencies of internalization, VSC 4.1 motor neurons were pre-stained with CFSE (green colour) to visualize cell cytoplasm of neurons and then were co-cultured with two concentrations of mitochondria from BMSCs. MitoTracker Red staining enabled fluorescent measurement of internalization mitochondria based on the increase in red fluorescence as the mitochondria were internalized within the motor neurons. Then, 1 × 10^5^ /well post-OGD VSC4.1 motor neurons were co-incubated with high concentration mitochondria (from 3 × 10^7^ BMSCs/well) in 35 -mm glass bottom culture dishes. Next, different time periods (4 h or 24 h) were designed to explore whether the internalization of low concentration of mitochondria was time dependent. 1 × 10^5^/well post-OGD VSC4.1 motor neurons in a 3.5-cm dish were co-incubated with mitochondria isolated from 1.0 × 10^6^/well BMSCs for 4 h or 24 h.

Mitochondria internalization in post-OGD motor neurons (OGD treatment) and in normal motor neurons (Non-OGD treatment) were both observed to confirm whether the OGD injured motor neurons would have a higher uptake rate.

The fluorescence of motor neurons was monitored using a real-time fluorescence microscope (FluoView, FV1000, Olympus, Japan). The fluorescence of cell images was captured, and the number of mitochondria internalized motor neurons was calculated by Image-J software.

FACS analysis on apoptosis rate of VSC4.1 motor neurons
-------------------------------------------------------

VSC4.1 motor neurons (5 × 10^5^ /well) were exposed to OGD for 8 h and cultured with isolated mitochondria (from 1.5 × 10^6^ BMSCs/well) for 24 h. An Annexin V-FITC/ propidium iodide (PI) apoptosis kit (\#AP101, Multi Sciences Biotech, Hangzhou, Zhejiang, China) was used to analyze the apoptosis rate. At the end of time point, VSC4.1 motor neurons were washed with cold PBS twice and incubated with 500 μL binding buffer. After adding 5 μL Annexin V-FITC and 10 μL PI, cells were analyzed by fluorescence-activated cell sorting (FACS). Annexin-V positive and PI negative cells were defined as early necrotic cells while Annexin-V negative and PI positive cells were regarded as late necrotic cells.

Extracellular flux analysis
---------------------------

To detect the bioenergetics profiling of post-OGD VSC4.1 motor neuron with BMSCs derived mitochondria, the XFe96 Extracellular Flux Analyzer (Seahorse Bioscience, MA, USA) was used as previously reported [@B30], [@B31]. VSC4.1 motor neurons were seeded in XFe96 cell culture plates coated with Cell-Tak (BD Biosciences, San Jose, CA) at 1 × 10^4^ cells/well. Some VSC 4.1 motor neurons were pretreated with 18β- glycyrrhetic acid (18β-GA, 50 μM) or retinoid acid (RA, 10 μM) for 8 h. Then, freshly isolated mitochondria from BMSCs (5 μg) were added into each well and incubated. Oxygen consumption rate (OCR) measurement was performed in XF media (non-buffered DMEM) supplemented with 11 mM glucose, 2 mM L-glutamine and 1 mM sodium pyruvate under basal conditions and in response to mitochondria inhibitors: 1.5 μM oligomycin, 50 nM trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP) or 1 μM rotenone + 5 μM antimycin A(Sigma). OCR (pMoles/min) was measured during 2 min. The basal respiration rate was calculated as the difference between basal OCR and OCR after inhibition of mitochondrial complex I and III with rotenone and antimycin A, respectively. The maximum respiration rate was measured following addition of the uncoupler FCCP (uncoupled rate), indicative of the maximum activity of electron transport and substrate oxidation achievable by the cells. OCR, basal oxygen consumption and maximal oxygen consumption were calculated from the primary data. Data set was analyzed by XFe-96 software and GraphPad Prism software, using one-way analysis of variance (ANOVA) calculations.

Intracellular ATP Measurement, lactate dehydrogenase (LDH) release assays and CCK-8 assay
-----------------------------------------------------------------------------------------

ATP content was determined by using the ATP Assay Kit (\#S0027,Beyotime Institute of Biotechnology, Nantong, Jiangsu, China) according to a previous study [@B32]. Briefly, two groups of VSC4.1 motor neurons (1 × 10^4^/well) co-cultured with mitochondria (from 3 × 10^4^ BMSCs/well) for 24 h were washed with PBS and lysed in 100 μL lysis buffer on ice and lysate was collected and centrifuged at 12,000 × g for 3 min. In a 96-well opaque plate, 20 μL of each supernatant was added into the wells containing 100 μL ATP detection working dilution. The luminescence was detected by a microplate reader (SynergyMx M5, Molecular Devices, USA).

As for LDH (\#C0016, Beyotime Institute of Biotechnologu, Nangtong, Jiangsu, China) assay, VSC4.1 motor neurons were cultured and performed as described above in the ATP assay. Culture supernatants were collected to detect the level of LDH release as measured using the CytoTox96® Non-Radioactive Cytotoxicity Assay (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China) according to the manufacturer\'s instructions [@B33]. Experiments were performed at least in triplicate. Data were expressed as percentages of control values.

For CCK-8 (\#C0041, Beyotime Institute of Biotechnologu, Nangtong, Jiangsu, China) assay, VSC4.1 motor neurons (1 × 10^4^ cells/well) were seeded into 96-well plates after digestion with trypsin and five parallel wells were used for each treatment. The survival of post-OGD VSC4.1 motor neurons was assayed using a CCK-8 Kit (\#C0037, Beyotime Institute of Biotechnology, Nantong, Jiangsu, China) as previously described [@B34]. After incubating for 2 h, cell viability was calculated by TECAN infinite M5 (Molecular Devices, USA) at the wavelength of 450 nm.

Measurement of mitochondria membrane potential
----------------------------------------------

A JC-1 kit (\#C2005, Beyotime Institute of Biotechnology, Nantong, Jiangsu, China) was used to assess mitochondria membrane potential [@B35]. VSC4.1 motor neurons were incubated with JC-1 for 20 min. Then mitochondria membrane potential was analyzed by fluorescent reader and the fluorescence intensity ratio represented the transfer of intensity on membrane potential.

Western blot analysis
---------------------

For the determination of expression level of protein related to mitochondrial apoptosis and endoplasmic reticulum stress, 1 × 10^6^ /well VSC4.1motor neurons in 6-cm plates were co-incubated with mitochondria (mitochondria from 3 × 10^6^ BMSCs/well) for 24 h. The following primary antibodies were used: Bcl-2 (\#3498, 1:1000, Cell Signaling Technology, USA), Bak (\#12105, 1:1000, Cell Signaling Technology, USA), GRP78 (\#ER40402, 1:1000, HuaAn Biotechnology Co., Ltd, China), CHOP (GADD 153 Antibody (F-168): sc-575, 1:500, Santa Cruz Biotechnology, USA), P-AKT (\#4060, 1:1000, Cell Signaling Technology, USA), and GAPDH (1:5000; Sigma-Aldrich, USA). After washing with T-BST, blots were incubated with infrared-labelled secondary antibody (Li-COR biosciences) for 60 min and then washed by T-BST for 3 times every 10 min. Quantification of band intensity was performed using NIH Image J software after being normalized.

To explore whether VSC4.1 and BMSCs express connexin43 and connexin32 (gap junction protein), VSC4.1 and BMSCs were harvested. Primary antibody of connexin43 (\#sc-6560, 1:500, Santa Cruz Biotechnology, USA) and connexin32 (\#sc-7258, 1:500, Santa Cruz Biotechnology, USA) were used.

To explore the neurite outgrowth and re-myelination in the spinal cord, the spinal cord samples at six weeks after SCI (n=3/group) were analyzed by western blot analysis. Primary antibody of GAP43 (\#8945s, 1:1000, Cell Signaling Technology, USA) and myelin basic protein (MBP, \#D8X4Q, 1:1000, Cell Signaling Technology, USA) were used.

FACS analysis on the exchange of endocytic organelles and mitochondria between BMSCs and neurons
------------------------------------------------------------------------------------------------

FACS analysis (BD, LSR Fortessa, USA) was used to detect the exchange of endocytic organelles (including mitochondria) between BMSCs and post-OGD VSC4.1 motor neurons. BMSCs were pre-stained with MitoTracker Red CMXRos (red). VSC4.1 motor neurons were labelled with CFSE (green). In order to explore whether GJIC mediated the exchange of mitochondria between BMSCs and neurons, the pharmacological drugs of GJIC were used and dissolved in DMSO as stocking solution. For potentiation, BMSCs were pre-incubated with gap junction potentiator RA (10 μM) for 8 h prior to co-culture. For inhibition, BMSCs were pre-incubated with gap junction inhibitor 18β-GA (50 μM) for 8 h prior to co-culture. 1 × 10^5^ BMSCs were then digested and seeded to a 6-well plate to co-culture with post-OGD VSC4.1 motor neurons (OGD 8 h, 5 × 10^5^ /well) for 24 h in a direct co-culture model with or without drugs. The population of red and green double labelled cells was examined by FACS analysis and was calculated by counting both red fluorescence positive and green fluorescence positive cells. The exchange rate of mitochondria from BMSCs to VSC4.1 motor neurons was calculated by counting the population of red fluorescence positive VSC4.1 motor neurons from the data of the FACS analysis.

SCI model
---------

Sixty-three Sprague-Dawley male rats (200-220 g) were divided into 4 groups randomly (Sham group, SCI group, BMSCs treatment group and mitochondria treatment group, see supplement Figure [S3](#SM0){ref-type="supplementary-material"}). The SCI model was Allen\'s method as described in our previous study [@B27]. Rats were anaesthetized by pentobarbital (40 mg/kg, i.p). Then, the vertebral columns of the rats were exposed and a laminectomy was carried out at T10 level. A weight of 10 g from (\#WH160162, Convergence Technology Co., Ltd, Shenzhen, China) was dropped from a height of 50 mm on the exposed spinal cord and the impounder was left for 20 s before being withdrawn to produce a moderate contusion in SCI group in accordance with our previous study. Immediately after SCI, both hind limbs of the rat twitched involuntarily and the tail wiggled, which meant that the injuries to the rats corresponded to the criteria of the SCI model. The sham operation animals received the same surgical procedure without the weight drop. After operation, all the rats were seamed using silk sutures 4-0 and given an injection of penicillin G (100 mg/kg, intramuscular injection) to prevent infection for 7 days and rats had easy access to food and water and their bladders were manually voided twice a day due to the paralysis until autonomic rhythm of neurogenic bladder resumed. The Basso, Beattie and Bresnahan (BBB) scale is used to evaluate the functional recovery of locomotor capacity in rats after spinal cord injury within 6 weeks. The rats were sacrificed for subsequent histological, immunohistochemistry, Masson staining, Luxol-fast-blue staining (LFB staining), western blot, TEM and immunofluorescence, respectively.

Mitochondria and BMSCs transplantation in SCI rat
-------------------------------------------------

Immediately after SCI, 10 μL BMSCs (1 ×10^6^ ) in BMSCs treatment rats and 10 μL mitochondria extracted from BMSCs (3 ×10^6^) were separately injected into the epicentre of the injured spinal cord using an electrode microneedle, while the same volume PBS were injected into Sham group and SCI + Vehicle group after operation. To confirm the localization of mitochondria in the spinal cord, three rats in the mitochondria treatment group were injected with MitoTracker-Red pre-stained mitochondria and were sacrificed at 48 h. The lesion epicentre (4 mm) of the spinal cord was removed and prepared for cryostat sectioning.

Immunofluorescence staining
---------------------------

Spinal cord sections from mitochondria treatment group (n=3) with MitoTracker Red-labelled mitochondria were stained with the DAPI to visualize the nucleus. Every section was observed using the fluorescence microscope (Olympus BX61, Japan) and analyzed using Image-Pro Plus 5.0 image (Media Cybernetics Inc., Atlanta, GA, USA).

To verify that isolated mitochondria were uptaken by neurons, astrocyte or macrophage, spinal sections were stained with neuron marker MAP2 (\#4542, 1:200, Cell Signaling Technology, USA), astrocyte marker GFAP (\#3655, 1:100, Cell Signaling Technology, USA), macrophage marker CD11b/c (\#ab1211, 1:100, Abcam, USA) and Z-stack images were photographed by confocal microscopy (FluoView FV3000; Olympus Corporation, Tokyo, Japan). Briefly, frozen spinal cord sections were washed 3 times in PBS and blocked in blocking buffer for 60 min. Then spinal cord sections were incubated overnight with primary antibody. After washing by PBS 3 times, fluorescent secondary antibodies were added. Finally, DAPI was added and then coverslips were placed.

TdT-mediated dUTP nick end labelling (TUNEL) staining
-----------------------------------------------------

Rats from four groups (Sham group, SCI + Vehicle group, SCI+BMSCs group, SCI+Mito group, n=3) were re-anesthetized with sodium pentobarbital (60 mg/kg, i.p ) and perfused with 4% paraformaldehyde 48 h after transplantation. The lesion epicentre (4 mm) of the spinal cord was removed and prepared for cryostat sectioning which was embedded in OCT (Sakura Finetechnical, Tokyo, Japan). All specimens were cut into 20 μm thick sections using a Cryostat microtome (Leica, Germany). The severity of damaged cells was detected by the one step TUNEL apoptosis assay kit (Beyotime Institute of Biotechnology, NanTong, JiangSu, China) according to our previous method [@B36]. Apoptotic cells which reflected the DNA fragmentation of nuclei were TUNEL (green colour). Every section was photographed by the fluorescent microscope (FluoView FV3000; Olympus Corporation, Tokyo, Japan) and analyzed with the Image-Pro Plus 5.0 image.

Immunohistochemistry, haemotoxylin and eosin (H&E), LFB and Masson staining
---------------------------------------------------------------------------

Six weeks after treatment, twenty-four rats (n=6/group) were chosen randomly, anesthetized, and intracardially perfused with 50 ml 0.9% NaCl, followed by 150 mL of 4% paraformaldehyde solution. The T9-T12 spinal cord segments centered on and enclosing the injured site were collected and post-fixed in 4% paraformaldehyde at 4℃ overnight. Then, the spinal cords were embedded in paraffin for serial longitudinal sectioning (n=3/group) and serial transverse sectioning (n=3/group).

Longitudinal sections of spinal cord were stained with H&E staining and were observed by the light microscope (Olympus B61, Tokyo, Japan).

LFB staining was performed to visualize the myelin in spinal cord. Briefly, the longitudinal sections were immersed in alcohol (95%) for 5 minutes and LFB (0.1%) at 65℃ overnight. The sections were displaced into aqueous lithium carbonate (0.05%) and rinsed several times with alcohol (70%) and then in double-distilled water, after washing in alcohol (95%) again. Finally, the slices were counterstained with cresy violet (0.1%) and were hyalinased with xylene and mounted with neutral balsam. The LFB-positive area of white matter was analyzed by Image-Pro Plus 5.0 software.

For Masson staining, the longitudinal sections were mordanted in potassium dichromate (10%) and trichloroacetic acid (10%) for 30 min, nuclei were stained with hematoxylin for 20 min, then were differentiated with hydrochloric acid and ethanol for 15 s, returned to blue with weak ammonia for 15 s, and stained with Masson solution (Cell Signaling Technology, USA) for 1 min. After rinsing with acetic acid (1%), the sections were dehydrated with ethanol, deleted with xylene I and II for 10 min to render these sections transparent and then were sealed in resin. Then the sections were photographed using a light microscope (Olympus B61, Tokyo, Japan) to observe collagen deposition.

For immunohistochemistry staining, transverse sections were incubated overnight at 4°C with GFAP antibody (GA5, \#3670, 1:100, Cell Signaling Technology, USA) and neurofilament-H (NF, RMdO 20, \#2836, 1:200, Cell Signaling Technology, USA) and these sections were observed by the light microscope (Olympus B61, Tokyo, Japan) and analyzed using the Image-Pro Plus 5.0 image.

BBB score and footprint analysis
--------------------------------

BBB scores were used to assess the severity of paralysis due to spinal cord injury according to the motor function. BBB scores were obtained by two independent examiners who were blind to four groups to evaluate at 1, 3, 5, 7, 14, 21, 28, 35 and 42 days post-surgery. Apart from BBB scores, we also performed the Footprint analysis as previous study reported [@B37]. Briefly, the forelimbs of rats were dipped in blue ink and the hindlimbs were stained with red ink. All rats were allowed to walk across a narrow box (7 cm in width, 80 cm in length) and the footprints of rats were observed. Stride length was measured of the distance between center pads of the ipsilateral forelimb and hind paw and the stride length was determined as the base of support.

Transmission electron microscope
--------------------------------

In order to confirm the existence of mitochondria in BMSCs-CM, transmission electron microscope (TEM) was used. BMSCs-CM-derived mitochondria was obtained by centrifuging BMSCs-CM at the speed of 120,000 g for 30 min and then fixed with 2.5% glutaraldehyde for 4 h at 4°C, post-fixed in 1% OsO~4~ (pH 7.4) and dehydrated in 70%, 90% and 100% alcohol. The sample was put in fresh Epon and then embedded in Epon overnight. Tecnai G2 Spirit120 kv microscope (FEI, Hong Kong) was used to photograph mitochondria from BMSCs-CM.

To examine the re-myelination in the spinal cord, the spinal cords sections from four groups (n=3/group) at six weeks after SCI were observed by TEM. Rats were perfused by 4% PFA and then fixed in 2.5% glutaraldehyde for 4 h and other processes were the same as the protocol described above.

Statistical analysis
--------------------

Statistical analysis was analyzed by GraphPad Prism 6 software. Data was presented as mean ± SEM. Two-way ANOVA with Bonferroni post hoc test was used for BBB score and one-way analysis of variance (ANOVA) with Student\'s-Newman-Keuls test was used for three or more groups of the mean comparison. Unpaired student\'s t-test was used to analyze the mean values of two groups. Differences were considered significant at *P*\<0.05.

Results
=======

Transfer of mitochondria from BMSCs to VSC4.1 motor neuron in direct co-culture conditions
------------------------------------------------------------------------------------------

BMSCs were pre-stained with MitoTracker Red as shown in Figure [1](#F1){ref-type="fig"}A. VSC4.1 motor neurons were labelled with neuron marker MAP2 (green) as shown in Figure [1](#F1){ref-type="fig"}B. Primary cortical neurons were labelled with NSE marker (green) as shown in Figure [1](#F1){ref-type="fig"}C. Firstly, in order to explore whether intracellular materials may undergo transfer from BMSCs to VSC 4.1 motor neurons or primary cortical neurons, pre-stained BMSCs (Mito Red) and neurons (CFSE) were co-cultured in a direct co-culture condition followed by confocal microscopy. Figure [1](#F1){ref-type="fig"}D showed that MitoTracker Red labelled mitochondria were transferred from BMSCs to neurons as evidenced by red fluorescence dots located in the body of VSC4.1 motor neurons. Secondly, we continued to determine how mitochondria were transferred and whether a tunnel was formed from BMSCs to post-OGD VSC4.1 motor neurons. Figure [1](#F1){ref-type="fig"}E showed that MitoTracker Red labelled mitochondria were transferred from BMSCs to post-OGD neurons through a tunneling nanotube and others may transfer through direct contact. Figure [1](#F1){ref-type="fig"}F showed that mitochondria were transferred from BMSCs to primary cortical neurons through a tunneling nanotube as well. We also observed the transfer of mitochondria from BMSCs to post-OGD Schwann cells in Figure [S1](#SM0){ref-type="supplementary-material"}B (see supplement figure).

Transfer of mitochondria from BMSCs to VSC4.1 motor neuron in an indirect co-culture conditions
-----------------------------------------------------------------------------------------------

The above results confirmed that mitochondria could be transferred from BMSCs to post-OGD neurons through direct contact or tunneling nanotubes. Meanwhile, we considered whether paracrine mechanism may also play a role in mitochondria transfer. Therefore, firstly, the post-OGD VSC4.1 motor neurons were co-cultured with BMSCs in a transwell plate (8 μm pore) for 24 h. Confocal microscopy observation showed BMSCs derived mitochondria (MitoTracker red labelled) were located inside the body of neurons(Figure [2](#F2){ref-type="fig"}A). Secondly, we cultured post-OGD VSC4.1 motor neurons in BMSCs-CM. Confocal microscopy observation showed MitoTracker red labelled mitochondria in the medium were internalized into the body of neurons (Figure [2](#F2){ref-type="fig"}B). Thirdly, after we cultured post-OGD VSC4.1 motor neurons in Md-BMSCs-CM for 24 h, confocal microscopy observation showed no MitoTracker red labelled mitochondria were in the body of neurons(Figure [2](#F2){ref-type="fig"}C). Fourthly, transmission electron microscope observation showed the existence of free intact mitochondria in the BMSCs-CM (Figure [2](#F2){ref-type="fig"}D). Moreover, FACS analysis detected the red-positive district (P4) which confirmed the free MitoTracker red labelled mitochondria in BMSCs-CM group (Figure [2](#F2){ref-type="fig"}E). Importantly, co-culture with BMSCs-CM promoted the survival of post-OGD VSC4.1 motor neurons as evidenced by the increased OD value of CCK-8 ( 0.82 ± 0.02 *vs* 0.45 ± 0.03, p\<0.01). However, co-culture with Md-BMSC-CM, which containing no mitochondria, had no effect on the survival of post-OGD VSC4.1 motor neurons (0.44 ± 0.02 *vs* 0.45 ± 0.03, *p*\>0.05, Figure [2](#F2){ref-type="fig"}F).

Internalization of isolated mitochondria from BMSCs into post-OGD neurons and its effect
----------------------------------------------------------------------------------------

We have demonstrated that the transfer of mitochondria promoted the survival of post-OGD VSC4.1 motor neurons. This result suggested that transplantation of mitochondria might be a helpful treatment to rescue injured motor neurons. Then, we isolated the intact mitochondria from BMSCs and explored whether these fresh isolated mitochondria could be internalized into post-OGD motor neurons. Firstly, we found that if the mitochondria at a higher concentration (from 3 × 10^7^ BMSC/well, high concentration), the internalization speed was faster. Confocal microscopy observation confirmed that almost 100% of post-OGD neurons contained internalized mitochondria within 30 min (Figure [3](#F3){ref-type="fig"}A). Internalization of low concentration of mitochondria (from 1 × 10^6^ BMSC/well) into injured neurons was obvious at 4 h (41.02 ± 0.7%, *p*\<0.01) and was sharply increased at 24 h (97.79 ± 0.7%, *p*\<0.01, Figure [3](#F3){ref-type="fig"}B). Moreover, the percentage of internalized mitochondria into the post-OGD neurons was higher than that in Non-OGD neurons (41.02 ± 0.72 *vs* 28.14 ± 1.14, *p*\<0.01, Figure [3](#F3){ref-type="fig"}C). These data indicated that the internalization of mitochondria was dose dependent and time dependent.

ATP content was measured in injured motor neurons with or without mitochondria treatment. The content of ATP in OGD group was decreased to approximately one-third of that in control group. However, ATP content was significantly increased in the mitochondria treatment group (2.22 ± 0.09 nmol/mg protein*vs* 1.75 ± 0.08 nmol/mg protein, Figure [3](#F3){ref-type="fig"}D). It was interesting to find that the enhanced intracellular ATP content in neurons co-incubated with mitochondria was not much different with that in neurons co-cultured with BMSCs (2.22 ± 0.09 *vs* 2.48 ± 0.03, *p*\>0.05, Figure [3](#F3){ref-type="fig"}D). It meant that mitochondria delivery might have the same protective efficiency as BMSCs *in vitro* OGD neuron model.

In addition, mitochondrial membrane potential was measured by the sensitive fluorescent probe JC-1 kit. The red/green fluorescent ratio was higher in mitochondria group than that in OGD group (3.89 ± 0.24*vs* 2.31 ± 0.22, *p*\<0.01, Figure [3](#F3){ref-type="fig"}E).

Mitochondria internalization improved the bioenergetics profile of post-OGD neurons
-----------------------------------------------------------------------------------

We also investigated the effect of mitochondria derived from BMSCs on the bioenergetics profile of post-OGD VSC4.1 motor neurons. After adding the mitochondria into the wells, post-VSC4.1 motor neurons containing mitochondria were collected for extracellular flux analysis. Compared to normal VSC4.1 motor neurons, post-OGD motor neurons showed decreased values of OCR and ECAR (Figure [4](#F4){ref-type="fig"}A-C). The basal respiration was decreased from 78.2 ± 2.7 pMoles/min to 36.7 ± 3.6 protein (*P*\<0.01). The maximal respiration was reduced from 69.3 ± 4.6 pMoles/min to 19.0 ± 1.2 pMoles/min (*P*\<0.01). Interestingly, BMSCs derived mitochondria significantly improved the bioenergetics profile of post-OGD VSC4.1 motor neurons. The basal respiration was increased to 55.8 ± 4.0 pMoles/min and the maximal respiration was elevated to 37.3 ± 2.1 pMoles/min. RA significantly increased the basal respiration to 71.3 ± 4.1 pMoles/min and the maximal respiration to 56.7 ± 1.6 pMoles/min, while 18β-GA significantly decreased the basal respiration to 62.5 ± 2.7 pMoles/min and the maximal respiration to 32.0 ± 1.7 pMoles/min (*P* \<0.01, Fig. [4](#F4){ref-type="fig"}D-E).

Mitochondria internalization decreased OGD-induced apoptosis, promoted survival of neurons and altered the expression of apoptosis related proteins in post-ODG VSC4.1 motor neurons
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

LDH leakage assay showed that the release of LDH was significantly decreased in the mitochondria treatment group as compared with that in the OGD group (63.40 ± 0.05 fold of OGD, *P*\<0.01, Figure [4](#F4){ref-type="fig"}F). FACS analysis showed the total apoptotic number was increased in OGD group (2.50 ± 0.17 fold of control), which was decreased by mitochondria treatment (1.49 ± 0.09 fold of control, *P*\<0.01, Figure [5](#F5){ref-type="fig"}A). The early apoptosis rate was significantly decreased by mitochondria treatment (4.70 ± 0.22 fold of control), which may suggest that the protection mainly affect the early stage of apoptosis (Figure [5](#F5){ref-type="fig"}B).

The expressions of apoptosis-related proteins were examined by western blotting assay (Figure [5](#F5){ref-type="fig"}C). As compared to the control group, the ration of Bcl~2~/Bak in the OGD group was decreased. The ration of Bcl~2~/Bak was increased in the mitochondria group compared to OGD group (0.28 ± 0.01 fold of control *vs* 0.52 ± 0.05 fold of control, *P*\<0.01, Figure [5](#F5){ref-type="fig"}D). The expression levels of Grp78 and Chop protein were significantly higher in the OGD group, which were slightly decreased in the mitochondria group (2.16 ± 0.10 fold of control *vs* 1.42 ± 0.13 fold of control, 8.33 ± 0.75 fold of control *vs* 3.80 ± 0.65 fold of control, *P*\<0.01, Figure [5](#F5){ref-type="fig"}E-F). The expression level of P-Akt protein was lower in the OGD group, which was slightly increased in the mitochondria group (0.83 ± 0.01 fold of control*vs* 0.91 ± 0.02 fold of control,*P*\<0.01, Figure [5](#F5){ref-type="fig"}G).

Identification of co-localization of mitochondria and apoptosis after SCI
-------------------------------------------------------------------------

After SCI, rats were injected with MitoTracker red pre-stained mitochondria into the spinal cord and rats were sacrificed at 48 h. The red fluorescence showed that the MitoTracker red positive mitochondria were localized inside the injured parenchyma (Figure [6](#F6){ref-type="fig"}A). Figure [6](#F6){ref-type="fig"}B shows the schematic diagram of injection site. Figure [6](#F6){ref-type="fig"}C-D showed the mitochondria were in the body of neurons (MAP2, green), which meant neurons could uptake mitochondria *in vivo*. Figure [6](#F6){ref-type="fig"}E-F showed mitochondria were also in the body of astrocytes (GFAP, green) and macrophages (CD11b/c, green) but with less number of mitochondria incorporated into cells.

TUNEL staining showed that apoptotic cells were rare in sham group, whereas many apoptotic cells were in SCI group (Figure [7](#F7){ref-type="fig"}A-B). Treatment with BMSCs or mitochondria significantly decreased the number of apoptotic cells. The number of apoptotic cells in BMSCs group (31.0 ± 4.00) and mitochondria group (25.67 ± 5.51) were remarkably lower than that in SCI group (52 ± 6.08), but they were still higher than that in sham group (2.7 ± 1.52, *P*\<0.01, Figure [7](#F7){ref-type="fig"}C).

Mitochondria transplantation improved locomotor function recovery in SCI rats
-----------------------------------------------------------------------------

BBB scores were significantly increased both in BMSCs and mitochondria groups as compared with SCI group. BBB score was 4.1 ± 0.40 (*P* \<0.01) at 3 weeks and 5.5 ± 0.50 (*P*\<0.01) at 6 weeks in the SCI group. The score in the mitochondria group (mitochondria from 3×10^6^ BMSCs/each rat) was not significantly different relative to that in the BMSC group (1×10^6^ BMSCs/each rat) at 3 weeks (7.0 ± 0.70 *vs* 9.8 ± 0.30, *P* \>0.05) and at 6 weeks (9.8 ± 0.80 *vs* 9.3 ± 0.90, *P* \>0.05, Figure [8](#F8){ref-type="fig"}A).

Footprints were evaluated at 6 weeks after SCI rats. Forelimb footprints showed in blue and the hind limb footprints showed in red (Figure [8](#F8){ref-type="fig"}B).The recovery of coordination could be showed in the length of stride, which meant the overlap of the forepaws and hind paws represent good coordination. The stride length in the SCI+BMSCs group and the SCI+Mito group were significantly less than that in the SCI+Vehicle group (3.06 ± 0.23 fold of Sham, 3.80 ± 0.12 fold of Sham *vs* 4.50 ± 0.08 fold of sham, Figure [8](#F8){ref-type="fig"}C).

Mitochondria transplantation altered the expression of GAP43 and MBP and TEM
----------------------------------------------------------------------------

The expression levels of GAP43 (Figure [8](#F8){ref-type="fig"}D) were increased in the SCI+BMSCs and SCI+Mito group as compared with the SCI+Vehicle group, but they were still less than that in the Sham group (0.82 ± 0.07 fold of Sham, 0.75 ± 0.09 fold of Sham*vs* 0.50 ± 0.07 fold of Sham, Figure [8](#F8){ref-type="fig"}E). The expression level of MBP (Figure [8](#F8){ref-type="fig"}D) in the SCI+Vehicle group (0.44 ± 0.04 fold of Sham) was less than that in the SCI+BMSCs group (0.70 ± 0.10 fold of Sham) and the SCI+Mito group (0.78 ± 0.10 fold of Sham, Figure [8](#F8){ref-type="fig"}F).

Transmission electron microscopy results revealed the great improvement in myelin sheath and axon integrity of the treatment groups compared to the SCI + Vehicle group (Figure [8](#F8){ref-type="fig"}G). Relative myelin thickness was calculated as the ratio of axon diameter to the fiber caliber (total diameter of axon plus myelin sheath). G-ratio in the SCI+BMSCs group (0.45 ± 0.04 fold of Sham) and the SCI+Mito group (0.50± 0.03 fold of Sham) groups were larger than that in the SCI+Vehicle group (0.20 ± 0.02 fold of Sham, Figure [8](#F8){ref-type="fig"}H).

Histological staining and immunohistochemistry in the injured spinal cord
-------------------------------------------------------------------------

H&E staining was presented in Figure [9](#F9){ref-type="fig"}A. Figure [9](#F9){ref-type="fig"}F showed the ratio of cavity area in the SCI+BMSCs group (0.75 ± 0.01 fold of SCI group, *P*\<0.01) and SCI+Mito group (0.88 ± 0.01 fold of SCI group, *P*\<0.01) were smaller than that in the SCI+Vehicle group. Meantime, LFB staining (Figure [9](#F9){ref-type="fig"}B) showed the area of myelin sheath in the SCI+BMSCs group (1.39 ± 0.05 fold of SCI +Vehilce group, *P*\<0.01, Figure [9](#F9){ref-type="fig"}G) and the SCI +Mito group (1.37 ± 0.04 fold of SCI group, *P*\<0.01, Figure [9](#F9){ref-type="fig"}G) were larger than that in the SCI + Vehicle group. Masson staining showed the same trend for the area of glial scar (Figure [9](#F9){ref-type="fig"}C). The area of glial scar in the SCI+BMSCs group (0.55 ± 0.03 fold of SCI + Vehicle group, *P*\<0.01) and in the SCI+Mito group (0.62 ± 0.02 fold of SCI + Vehicle group, *P*\<0.01) were larger than that in the SCI + Vehicle group (Figure [9](#F9){ref-type="fig"}H).

Treatment with BMSCs or isolated mitochondria increased the positive area of NF (1.36 ± 0.09 fold of SCI + Vehicle group, 1.52 ± 0.05 fold of SCI + Vehicle group, *P*\<0.01, Figure [9](#F9){ref-type="fig"}D, Figure [9](#F9){ref-type="fig"}J) in the ventral horn of the spinal cord, while slightly decreased positive staining area of GFAP (0.98 ± 2% fold of SCI + Vehicle group, 0.99 ± 2% fold of SCI + Vehicle group; *P*\<0.01, Figure [9](#F9){ref-type="fig"}E and Figure [9](#F9){ref-type="fig"}K).

GJIC-mediated the transfer of mitochondria from BMSCs to VSC4.1 motor neuron
----------------------------------------------------------------------------

Next, we studied the mechanisms of mitochondria transfer. Gap junctions, composed of connexin protein subunits, provide important channel for intercellular communication. Firstly, FACS analysis was performed to reveal whether GJIC played the role in the transfer of mitochondria from BMSCs to VSC4.1 motor neuron. FACS analysis showed the population of double labelled cells was 1.2 ± 0.8% at 0 h, but significantly increased to 58.0 ± 0.9% (Figure [10](#F10){ref-type="fig"}A-B). The population of double-labelled cells was sharply increased by RA (83.3 ± 3.3%, *P*\<0.01, Figure [10](#F10){ref-type="fig"}B). The population of double-labelled cells was significantly decreased by18β-GA (44.3 ± 1.1%, *P*\<0.01, Figure [10](#F10){ref-type="fig"}B). The exchange rate of mitochondria was 30.8 ± 1.3% after 24 h of co-culture, which was significantly increased to 59.2 ± 7.3% by RA, but was significantly decreased to 15.8 ± 0.4% by 18β-GA (Figure [10](#F10){ref-type="fig"}C). Secondly, western blot assay was conducted to confirm whether the gap junction connexins were expressed in BMSCs and neurons. Western blot assay showed that gap junction connexin43 protein was expressed in BMSCs but not in VSC4.1 motor neurons, while gap junction connexin32 was expressed in VSC4.1 motor neurons but not in BMSCs (Figure [10](#F10){ref-type="fig"}D), which meant they might form the heterotypic gap junction by connexin43 and connexin32 between BMSCs and neurons.

Discussion
==========

The current study was the first to assess the potential role and underlying mechanisms involved in mitochondria transfer from BMSCs to the injured neurons after SCI. The present results demonstrated the transfer of mitochondria from BMSCs to VSC4.1 motor neurons not only through tunnelling nanotubes or direct contact, but also in a paracrine manner. Post-OGD VSC4.1 motor neurons could uptake more mitochondria from BMSCs than that of normal motor neurons. Inhibition of GJIC with 18β-glycyrrhetinic acid [@B38] reduced mitochondria transfer, while activation of GJIC with RA [@B39] increased mitochondria transfer. Internalization of mitochondria increased the content of ATP, decreased LDH leakage and apoptosis in neurons. Furthermore, we transplanted BMSCs derived mitochondria to the injured spinal cord of SCI rats and found that mitochondria could decrease neuronal apoptosis and promote functional recovery. These findings proved a novel mechanism of protection of BMSCs by transfer of mitochondria to neurons via gap junction.

The secondary SCI could be initiated several minutes after SCI and last for several weeks or months [@B40]. It induced progressive axon demyelination, microglia activation, mitochondrial dysfunction, and neuronal cell apoptosis [@B41]-[@B43]. As an important organelle providing majority energy in eukaryotic cells, mitochondria are disrupted after SCI [@B16], [@B44]. Stringent and efficient ATP is needed to maintain electrical homeostasis and accommodating neurotransmitters in neurons. Mitochondria dysfunction can cause loss of ATP and inactivation of ATP-dependent ion pumps. This dysfunction ultimately leads to excitotoxicity, calcium overload and eventual pathology in the central nervous system [@B45], [@B46], revealing that restoring the function of mitochondria or replacement of damaged mitochondrial could improve neuronal bioenergetics profile. The present results demonstrated that mitochondria could significantly improve the bioenergetics profile of post-OGD VSC4.1 motor neurons. The basal respiration and the maximal respiration were both elevated. Furthermore, mitochondria internalization decreased OGD-induced apoptosis and promoted neurons survival. It is important to find that injured motor neurons are capable of capturing healthy mitochondria from BMSCs to produce ATP, reduce apoptosis, and improved bioenergetics profile. These results help us to understand that mitochondria transfer might be the protective mechanism involved in transplantation of BMSCs in SCI rats. At the same time, we measured the ATP content and OD Value of BMSCs which were sorted by FACS after co-culture with post-OGD VSC4.1 neuron motors (Figure [S2](#SM0){ref-type="supplementary-material"}A). The ATP content and CCK-8 assay of BMSCs (after sorting) showed no difference from normal BMSCs (Figure [S2](#SM0){ref-type="supplementary-material"}B-C).

Moreover, we transplanted MitoTracker Red labelled mitochondria or BMSCs to the injured spinal cord of SCI rats. We confirmed that transplanted mitochondria were internalized by neurons*in vivo*, less was internalized by astrocytes or macrophages. Mitochondria transplantation decreased the number of apoptotic cells in the early stage of SCI and reduced the area of lesion cavity, glial scar, and the number of GFAP positive cells in the late stage of SCI. Meanwhile, mitochondria transplantation increased the area of myelin sheath and the number of NF positive cells, the expression level of GAP43 and promoted myelin regeneration. The most important funding was that mitochondria or BMSCs treatment both improved BBB score and footprint behavior at 3 and 6 weeks after transplantation.

Previous studies have reported the existence of nanotubular structures mediating the transfer of organelles from other cells [@B47], [@B48]. Nanotubular structures can transfer many organelles, as small molecules or ions, or mitochondria, lysosomes, and endosomal vesicles [@B49], [@B50]. Connexin oligomerization forms gap junctions that regulate intercellular mitochondrial transfer by formation of nanotubes^,^[@B51], [@B52]. Mitochondria acquisition by the alveolar cells through gap junctions triggered the restoration of ATP levels and increased the secretion of pulmonary surfactant [@B24]. In present study, FACS analysis revealed that GJIC played a role in the transfer of mitochondria from BMSCs to VSC4.1 motor neuron. GJIC potentiator RA or inhibitor 18β-GA could regulate the exchange of mitochondria. In addition, western blot assay revealed that they might form the heterotypic gap junction by connexin43 and connexin32 between BMSCs and neurons.

Our results proved that the GJIC is involved in mitochondrial transport between BMSCs and motor neurons, which contributed to rescuing injured neurons from SCI induced apoptosis. Moreover, we also found that astrocyte could uptake BMSCs derived mitochondria. Astrocytes are multifunctional cells which can both exert beneficial and detrimental effect as they can form glial scar to protect healthy tissues from neurotoxic environments, help maintain the blood-brain barrier as well as secrete axonal growth factors. While the activation of astrocytes lead to glial scars and the deposit of chondroitin sulphate proteoglycans which contribute to the negative effects [@B53], [@B54]. The effect of BMSCs derived mitochondria on astrocytes activation was worth to be further explored. Furthermore, we could not neglect the effect of BMSCs derived mitochondria on invading macrophage because they uptake mitochondria too. Usually, macrophages can phagocyte exogenous cells and activate inflammation [@B55]. Whether internalization of BMSCs derived mitochondria can regulate the plasticity of macrophages by promoting the shift of macrophage from M1 to M2 type in SCI rats. It needs attention and further investigation.

In addition, some theoretical questions are raised ahead: Which signaling molecule and signaling pathway trigger the mitochondrial release from BMSCs? What are the fates of these exogenous mitochondria in injured neurons within weeks *in vivo*? Meanwhile, there are some technical challenges for the use of BMSCs derived mitochondria for clinical treatment. For example, how to improve the isolation technique to acquire high-quality active intact mitochondria for therapeutic purposes? Which approach of mitochondria transplantation into individuals should be selected, from intravenous or local injection?

In conclusion, we demonstrated that mitochondrial transfer from BMSCs to the injured motor neurons via gap junction. Internalization of mitochondria improved the bioenergetics profile, decreased apoptosis and promoted cell survival in post-OGD motor neurons. It would be one of the effective mechanisms of BMSCs preventing the spinal cord from severe injury in the early stage, which subsequently improved the repair and regeneration in the late stage of SCI. Our findings suggested a future interventional strategy of mitochondria transfer for the patients with SCI.
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SCI

:   spinal cord injury

BMSCs

:   bone marrow mesenchymal stem cells

ATP

:   adenosine triphosphate

OGD

:   oxygen glucose deprivation

GJIC

:   gap junctional intercellular communication

FACS

:   fluorescence-activated cell sorting

RA

:   retinoid acid

18β-GA

:   18β glycyrrhetic acid

OCR

:   oxygen consumption rates

ECAR

:   extracellular acidification rate

BBB

:   Basso, Beattie and Bresnahan

LFB

:   Luxol fast blue

DAPI

:   2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride

TUNEL

:   terminal deoxynucleotidyl transferase dUTP nick end labelling.

![**Transfer of mitochondria from BMSCs to VSC4.1 motor neurons in a direct co-culture condition.** (A) BMSCs were stained with MitoTracker red. Nuclear staining was shown in blue (DAPI). Scale bars: 10 μm (B)VSC4.1 motor neurons were stained with neuron marker MAP2, Scale bars:5 μm (C) Primary cortical neurons were stained with neuron marker NSE, Scale bars: 10 μm (D) Mitochondria from BMSCs (MitoTracker red) transferred into pre-stained CFSE VSC4.1 motor neurons (OGD, 8 h) Scale bars: 10 μm. (E) VSC4.1 motor neurons (OGD, 8 h) were co-cultured with BMSCs and photographed in a light scope. Mitochondria were transferred through the nanotubular-like structure to VSC4.1 motor neurons. Scale bars: 10 μm. (F) Primary cultured cortical neurons (OGD, 4 h) were co-cultured with BMSCs. Mitochondria transfer was confirmed from BMSCs to injured neurons, Scale bars: 10 μm](thnov09p2017g001){#F1}

![**Transfer of mitochondria from BMSCs to VSC4.1 motor neurons in an indirect co-culture condition.** (A) In a transwell system, VSC4.1 motor neurons (CFSE staining, green, OGD 8 h) were co-cultured with BMSCs ( MitoTracker red) for 24 h. Mitochondria from BMSCs were transferred to VSC4.1 motor neurons. Scale bars: 10 μm. (B) VSC4.1 motor neurons (OGD 8 h) were cultured with BMSC-CM for 24 h. Mitochondria were internalized into VSC4.1 motor neurons. Scale bars: 20 μm. BMSC-CM = BMSCs conditioned medium. (C) VSC4.1 motor neurons (OGD 8 h) were cultured with Md-BMSC-CM for 24 h, Md-BMSC-CM = Mitochondria depleted- BMSC-CM which was filtered by 0.22 μm syringe filter. Scale bars: 10 μm. (D) TEM analysis demonstrated that free mitochondria were detected within the conditioned medium of BMSCs (BMSC-CM), Scale bars: 200 nm. (E) FACS analysis confirmed the mitochondria particle were in BMSCs-CM but not in Md-BMSC-CM. (F) Cell viability was determined by CCK-8 assay. Data are shown as the mean ± SEM of the ratio for light absorbance at 450 nm. \*\**P* \< 0.01.](thnov09p2017g002){#F2}

![**Internalization of isolated mitochondria from BMSCs in post-OGD VSC4.1 motor neurons and its effects on ATP and membrane potential.** (A) Representative fluorescent micrographs of isolated mitochondria from BMSCs (from 3 × 10^7^ BMSCs/well, high concentration) were co-incubated with post-OGD VSC4.1 motor neurons (1 × 10^5^ /well) for 10 min (upper panel) and 30 min (lower panel). Scale bars:30 μm. (B) Cell numbers of post-OGD VSC4.1 motor neurons (1 × 10^5^ /well) with internalized mitochondria (from 1 × 10^6^ BMSC/well, low concentration) were determined by florescent microscopy following 4 h and 24 h of co-incubation. The data are presented as mean ± SEM from three independent experiments. \*\**P* \< 0.01. (C) Cell numbers of motor neurons (normal and post-ODG) with internalized mitochondria (low concentration of mitochondria, from 1 × 10^6^ BMSC/well) were determined by florescent microscopy following 4 h of co-incubation. \*\**P* \< 0.01, *vs* normal neuron group. (D) VSC4.1 motor neurons (OGD, 8h) were co-incubated with mitochondria (OGD + Mito), with BMSCs (OGD+BMSCs) or Vehicle (OGD+Vehicle) for 24 h. ATP content was determined by ATP Assay Kit. The data are presented as mean ± SEM from three independent experiments. \*\**P*\< 0.01, *vs* OGD group. (E) Mitochondria membrane potential was measured by JC-1 kit. The data are presented as mean ± SEM from three independent experiments. \*\**P* \< 0.01, *vs* OGD group.](thnov09p2017g003){#F3}

![**Mitochondria internalization improved the bioenergetics profile in post-ODG VSC4.1 motor neurons.** (A-C) Representative oxygen consumption (OCR) rate curves of VSC4.1 motor neurons (OGD for 8 h) were generated by the Seashores apparatus. OCR in post-OGD motor neurons was significantly increased by co-culture with mitochondria, which was promoted by a gap junctional intercellular communication (GJIC) potentiator retinoid acid ( RA,10 μM), but was inhibited by 18β-GA (50 μM, inhibitor). (D-E) Significant improvement in respiration (basal and maximal) was observed in the mitochondria treatment group, which was promoted by RA but inhibited by 18β-GA. Each data point is presented as mean ± SEM. \*\**P* \< 0.01, *vs* OGD group; \#*P* \< 0.05, \#\#*P* \< 0.01 *vs* OGD + Mito group, n=6. (F) Post-OGD VSC4.1 motor neurons were co-incubated with mitochondria (OGD + Mito group). Cell injury was determined by extracellular LDH assay. The data are expressed as percentage relative to OGD group and presented as mean ± SEM from two independent experiments, \*\**P* \< 0.01 *vs* OGD group.](thnov09p2017g004){#F4}

![**Mitochondria internalization altered apoptosis rate and the expression of apoptosis related proteins in post-ODG VSC4.1 motor neurons.** (A-B) Post-OGD VSC4.1 motor neurons were co-incubated with mitochondria for 24 h. The apoptosis rate of neurons were analyzed by FACS analysis. Each data point is presented as mean ± SEM. \*\**P* \< 0.01, *vs* normal group; ^\#^*P* \< 0.05, *vs* OGD group, n=8. (C) Expression levels of Bcl-2, Bak, GRP78, CHOP and P-AKT were analyzed by western blot assay in the Control, OGD+Vehicle and OGD+Mito groups. (D-G) Quantification of the optical densities of the protein to determine the levels of protein expressed as percentages of control values. The data are presented as mean ± SEM from three independent experiments. \*\**P*\< 0.01, *vs* control group; \#*P* \< 0.05 *vs* OGD+Vehicle group.](thnov09p2017g005){#F5}

![**Co-localization of mitochondria and neurons.** (A) Spinal cord injury rats with MitoTracker Red pre-stained mitochondria were injected into the spinal cord. In the injured spinal cord sections, the blue fluorescence showed that the nucleus with the DAPI, the red fluorescence showed that the MitoTracker red-positive mitochondria were localized inside the injured parenchyma. Scale bars: 50 μm. (B) Schematic diagram of spinal cord. (C-F) Spinal cord slices were stained with MAP2, GFAP and CD11b/c. Co-localization of mitochondria (MitoTracker Red) with different cell markers in Z-stack images photographed by confocal laser scanning microscopy. GFAP: marker of astrocytes, CD11b/c: marker of macrophage; MAP2: marker of neurons, Scale bars: 5 μm.](thnov09p2017g006){#F6}

![**Mitochondria transplantation decreased apoptosis in the ventral horn of spinal cord after SCI.** TUNEL staining was used to observe the apoptosis of the cells. (A) TUNEL positive cells were stained with green. Scale bars: 100 μm. (B) Schematic diagram of spinal cord. (C) Statistics of the number of TUNEL staining positive cells. Data are presented as mean ± SEM. \**P* \< 0.05, \*\**P* \< 0.01, n=3.](thnov09p2017g007){#F7}

![**Mitochondria transplantation improved locomotor function recovery at 6-week after SCI.** (A) BBB scores were significantly increased in both BMSCs and mitochondria treatment groups compared to the SCI+Vehicle group within 6 weeks after transplantation. \**P*\<0.05, \*\**P*\<0.01, \#\#*P*\<0.01*vs* SCI + Vehicle group. (B) Photos of rat footprints at 6-week rats. The forelimb footprints showed in blue and the hindlimb footprints showed in red. (C) Stride length was used to evaluate the coordination of locomotion. The distances in treatment groups were less than that in the SCI+Vehicle group, which showed better base of support. The data were expressed as fold of Sham and presented as mean ± SEM. (D) Expression levels of protein of GAP43 and MBP were analyzed by western blot assay in the Sham, SCI + Vehicle, SCI + BMSCs and SCI + Mito groups. (E-F) The data were expressed as the fold of Sham and presented as mean ± SEM from three independent experiments. (G) TEM was performed to observe the regeneration of myelin sheath. Lower panel pictures were higher magnification of myelin sheath. Scale bar in upper panel: 2 μm. Scale bar in lower panel: 500 nm. (H) Quantification of g-ratio of axons was analyzed by IPP, each data was presented as mean ± SEM, n=6, \**P*\<0.05, \*\**P*\< 0.01.](thnov09p2017g008){#F8}

![**H&E staining, LFB staining, Masson staining and immunocytochemistry staining of spinal cord at 6-week after SCI.** (A-C) The longitudinal sections of spinal cord were analyzed by H&E staining, Luxol fast blue staining, Masson staining. Scale bar: 500 μm; (D-E) Immunohistochemistry assay was performed to detect NF and GFAP positive cells in transections of spinal cord. Scale bar: 25 μm; (I) Schematic diagram of spinal cord. The areas of lesion cavity (F), myelin (G), collagen (H), NF-H (J) and GFAP (K) were analyzed by IPP software. Each data point was presented as mean± SEM (n=3, \**P*\< 0.05, \*\**P*\< 0.01).](thnov09p2017g009){#F9}

![**GJIC mediated the mitochondria transfer.** (A) FACS was used to detect the exchange of endocytic organelles (including mitochondria) between BMSCs and post-OGD VSC4.1 motor neurons. BMSCs were pre-incubated with GJIC potentiator retinoid acid (RA, 10 μM) or inhibitor 18β-GA (50 μM) for 8 h prior to co-culture. BMSCs were co-cultured with post-OGD VSC4.1 motor neurons for 24 h in a direct co-culture with or without continuous treatment of drugs. (B) Double-positive cells are indicative of organelle transfer cells which means red-labelled mitochondria from BMSCs transferred to green-labelled VSC4.1 motor neurons. (C) The exchange rate of endocytic organelles and mitochondria from BMSCs to VSC4.1 motor neurons was calculated based on the primary data of FACS. (D) The expression levels of connexin43 and connexin32 were detected by western blot analysis in BMSCs or VSC4.1 motor neurons. β-actin was loaded as internal control. Each data point was presented as mean± SEM (n=3, \**P*\< 0.05, \*\**P*\<0.01).](thnov09p2017g010){#F10}
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